Photoemission studies of FeSe monolayer films on SrTiO 3 substrate have shown electronic structures that deviate from pristine FeSe, consistent with heavy electron doping. With the help of first-principles calculations we studied the effect of excess Fe and Se atoms on the monolayer and oxygen vacancies in the substrate in order to understand the reported Fermi surface in this system. We find that both excess Fe and Se atoms prefer the same adsorption site above the bottom Se atoms on the monolayer. The adsorbed Fe is strongly magnetic and contributes electrons to the monolayer, while excess Se hybridize with the monolayer Fe-d states and partially opens a gap just above the Fermi energy. We also find that the 2D electron gas generated by the oxygen vacancies is partly transfered to the monolayer and can potentially suppress the hole pockets around the Γ point. Thus, both O vacancies in the SrTiO 3 substrate and excess Fe over the monolayer can provide high levels of electron doping.
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I. INTRODUCTION
Superconductivity in Fe-based materials is particularly interesting in part because of the its interplay with magnetism [1] [2] [3] [4] [5] and simple systems such as FeSe and FeSe 1-x Te x have attracted significant attention in recent years. 6, 7 The bulk form of FeSe has a superconducting transition temperature (T c ) of 8 K, which can be enhanced upto 37 K with pressure. [7] [8] [9] Experimental measurements on single-layer FeSe films grown over SrTiO 3 (STO) substrate show that, the samples that are metallic at room temperatures open a gap of 15-20 meV when cooled, which has been attributed to a possible onset of superconductivity in this system. [10] [11] [12] [13] [14] [15] The transition is reported to be above T c = 65 K, with gaps of 15-20 meV. Interestingly, the effect is not observed in double layers or more, 16 in contrast to FeSe films on graphene where a transition at 2.2 K was reported on 30 nm thick samples. 17 This has lead to the speculation that the interface plays a crucial role in the properties of monolayer FeSe.
18
Photoelectron spectroscopy measurements showed that, unlike other Fe based superconductors, the Fermi surface of single-layer FeSe on STO consists only electron pockets at the zone corners without the hole pockets around zone center.
11 This means that the sign-changing s-wave pairing state from spin fluctuation exchange in Fe based superconductors cannot exist here and points to a different mechanism of gap opening.
5 Interestingly, measurements on samples with different annealing showed that as-prepared samples do have the hole pockets around Γ point, but remain metallic to low temperatures. 19 Annealing in vacuum removes the hole pocket and also leads to the transition. Electron doping was suggested as a possible cause for the transition, [19] [20] [21] [22] which could arise from Se or O vacancies during the annealing process. However, theoretical studies showed that Se vacancies in this system lead to hole doping. 23 Scanning tunneling spectroscopy measurements on films grown on pure STO substrate find the as-prepared samples to be semiconducting and containing excess Se. 24 Oxygen vacancies have been known to induce highly mobile 2D electron gas at the polar interfaces involving SrTiO 3 .
25
Here, we study the effect of excess Fe and Se on the monolayer as well as oxygen vacancies in the substrate, in order to understand the observed Fermi surface of 1uc-FeSe on STO. We find that the excess atoms prefer a site directly above the bottom Se atoms in the FeSe monolayer similar to excess Fe in bulk FeTe and that the excess Fe contributes electrons to the monolayer Fe-d states that may suppress the hole pockets observed around Γ point. Excess Se, on the other hand, contributes p-states that hybridize strongly with the monolayer Fe and lead to significant changes in the band dispersion around Fermi level. It also suppresses the hole pockets, but at the same time shrinking the electron pockets and inducing a pseudogap just above the Fermi level. The 2D electron gas (2DEG) formed at the STO surface due to oxygen vacancies can lead to an effective attraction between STO and FeSe, also leading to electron doping in the monolayer.
II. METHODS
To study the monolayer FeSe on SrTiO 3 (001) surface, we used a symmetric TiO 2 terminated slab, 5.5 unitcell long along c axis separated by a vacuum layer of ∼ 20Å. To accommodate the striped antiferromagnetic structure, the unitcell is enlarged to be √ 2a × √ 2a parallel to the surface. The FeSe monolayers are then added to both top and bottom surfaces of the slab to preserve symmetry and half of this unitcell is shown in Fig. 1 . The structure is then optimized with spin-polarization, allowing the z coordinates of the atoms to vary. The necessity of including magnetism in standard density functional structure optimizations of Fe-based superconductors is well established and has been associated with the unusual magnetic character of these compounds. 3 We tested the convergence of structural parameters with a 7.5 unitcell STO slab and found them to be similar.
In our calculations we consider 25% doping with excess atoms, that correspond to FeSeX 0.25 where X=Fe,Se. As shown in Fig atoms can potentially bind with FeSe. The site X 1 corresponds to one directly above the bottom Se atom of the monolayer as indicated by the blue dot. The site X 2 lies above to one of the two Se atoms on the top of the FeSe monolayer, while X 3 correspond to a site above Fe. The surface to monolayer distance is measured as the distance along z axis between Fe and Ti ions, d S = z Fe − z Ti and the monolayer to excess atom distance is defined as, d X = z X − z Fe . Finally, to simulate the 2DEG at the STO surface that arise because of oxygen vacancies we replace oxygen atoms at the STO surface partially by F using virtual crystal approximation (VCA). Since F atoms have one more electron than O, replacing the latter with O 1−x F x leads to 2x electrons per surface unitcell. These electrons are confined close to the surface along z, but have large dispersion in the in-plane directions.
All electronic structure calculations are carried out within the density functional theory as implemented in VASP code, 26 using projector augmented waves 27 and generalized gradient approximation 28 with PerdewBurke-Ernzerhof parametrization. Kinetic energy cutoff for the plane wave basis is taken to be 450 eV and a 11 × 11 × 1 Monkhorst-Pack grid is used for reciprocal space sampling. The vdW interaction is explicitly included in the calculation employing the method developed by Grimme, 29 to properly describe the attraction between the substrate and monolayers. Structural relaxations are carried out till forces are less than 0.02 eV/Å.
III. RESULTS
The in-plane lattice parameters of the supercell are set to 5.52Å, the relaxed bulk lattice constant of SrTiO 3 . Full ionic relaxations are then performed keeping the cell dimensions fixed and with the striped antiferromagnetic phase for Fe moments, which is the ground state for this system. 30 We find that including the vdW interaction leads an effective attraction between the surface and the monolayer and reduces the surface Ti to monolayer Fe distance (d S from Fig. 1 ) from 4.44Å to 4.19Å, which corresponds to a Ti-Se distance of 2.91Å. The final structure is then used to calculate the non-magnetic band structure and partial density of states (PDOS) shown in Fig. 2 . The valence states from the substrate have O-p character and lie below -0.8 eV, while the conduction states are above 1 eV and are made of Ti-t 2g as can be seen from the PDOS in Fig. 2 . Thus, the Fermi energy of the composite STO+FeSe system lie around midway in the substrate band gap and the electronic structure around the Fermi energy is from the FeSe. The Fe-d bands cross the Fermi level and form hole pockets around the Γ point and electron pockets around M points, similar to bulk FeSe.
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The electronic density of states at the Fermi level is N (E F ) = 1.24 eV −1 per Fe atom and is distributed be- 
A. Excess Fe and Se on FeSe
Next, excess Fe and Se atoms are added at the sites shown in Fig. 1 and the structures are fully relaxed within the striped antiferromagnetic order in separate calculations. Results are summarized in Table. I. Surprisingly, the same site X 1 is found to have the lowest energy for both excess anion and cation adsorption. This site is neither a good cation site nor a good anion site, but rather favors more covalent bonding, as was previously noted in the case of FeTe. This leads to the unusual monovalent state of excess Fe. 32 This site also allows closest distances between excess atoms and the monolayer with d X = 1.51Å and 1.60Å for Fe and Se respectively. As can be seen from the table, the magnetic moments of the iron atoms in the monolayer diminish from the bare values upon doping. The reduction is larger for Se doping; in the case of Se 1 , the average Fe moments are 1.82 µ B reduced from 2.38 µ B . The excess Fe is found to be strongly magnetic, with moments of 2.8, 3.1 and 2.6 µ B for Fe 1 , Fe 2 and Fe 3 respectively, consistent with excess Fe calculations on bulk FeTe.
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Consistent with previous calculations, 23 we find that Se doping removes of the electrons from the Fe-d orbitals, evidence for which can be seen from the partial density of states plots in Fig. 3 . The partial Fe-d DOS for the FeSe+Se 1 is shifted upward compared to the same plot in Fig. 2 . As a consequence, the Fe moments are reduced substantially as shown in Table I upon Se doping. On the other hand Fe 1 donates electrons to the monolayer, shifting the Fe-d bands lower. For the Fe doped electronic structure plots in Fig. 3 , the excess Fe is allowed to be spin-polarized while keeping the monolayer atoms close non-magnetic. This was done to keep the correct number of electrons in the monolayer. Dispersion of the layer Fe bands is modified by the presence of excess atoms on the monolayer. In the case of Fe 1 , the Fe-d bands are shifted downward, which removes the hole pockets and makes the electron pockets deeper as shown in Fig. 2 . The effect of excess Se is more pronounced; overlap of Se-p orbitals with Fe-d changes the shape of electron and hole pockets. A new hole pocket appears around the X point in the new Brillouin zone while the electron pocket around Γ (around M in the smaller unitcell) shrinks in size. Also, the density of states drops to almost zero, opening a pseudogap of ∼ 0.15 eV just above the Fermi level in the Se doped case.
The effect of excess atoms on the monolayer Fe DOS is shown in Fig. 4 . In the case of excess Fe, the Fe 1 -d states lie -2 eV below the Fermi level and shifts the monolayer 
B. Oxygen vacancies in STO
Bare SrTiO 3 surfaces with TiO 2 termination are known to develop a 2D electron gas which is localized to within few unitcells. It is believed to originate from oxygen vacancies at the surface, that leave two electrons per vacancy in the Ti-t 2g orbitals. It is to be expected that some of this charge will be transfered to the FeSe, affecting the Fermi surface of the monolayer, although the amount is unclear a priori. To test this, we calculated the electronic structure of STO+FeSe with a 2DEG on the STO substrate.
In order to generate a 2DEG on SrTiO 3 without reducing symmetry, we replaced 20% of the surface oxygen atoms with fluorine using virtual crystal approximation (VCA). This leads to 0.4 electrons per surface unitcell (there are two O per surface cell for TiO 2 termination) which corresponds to an electron density, n e ∼ 10 20 cm −2 on the surface. Note that, actual 2DEG densities at the experimental conditions will depend on the number of oxygen vacancies and other defects generated during the surface preparation and the FeSe deposition. As expected, these additional electrons reside in the Ti t 2g bands near the surface as shown in Fig. 5(a) .
Next, using the relaxed structure with vdW interactions (with d S = 4.19Å), we calculated the band structure with surface 2DEG, which is plotted in Fig. 5(b) . Compared to Fig. 2 , we find that the FeSe bands have shifted up by about 1 eV. Closely inspecting the bands around the Fermi level, we can see evidence of charge transfer from STO to the monolayer. Counting the states gives about 0.1 extra electrons per Fe, reducing the surface 2DEG to 0.21 electrons. However, hole pockets around Γ are not fully removed since the pockets are 0.11 holes per Fe deep and secondly some of the transfered charge goes to the electron pocket around M. From the relative change in size of the two pockets we estimate that 0.07 electrons go to the hole pocket, which is not sufficient to fully remove it. Two scenarios that can potentially increase the electron doping of FeSe monolayer are a) higher 2DEG density at the STO which can transfer more charge to the monolayer and b) reduced substrate to monolayer distance due other interactions arising from other sources.
We estimated the effect of distance between STO and monolayer on the charge transfer and the results are summarized in Fig. 6 . We find that, the charge transfered from the 2DEG to FeSe increases as the distance is reduced. Below a distance d S = 3.8Å, the hole states around the Γ in the FeSe band structure is completely suppressed, while the electron pocket around M remains more or less unaffected. However, this requires an additional displacement of 0.4Å of the monolayer towards the surface from the relaxed distance of d S = 4.19Å obtained in the previous section. The electrostatic attraction resulting from the charge transfer can potentially reduce d S further and analyzing the forces on the atoms we estimate this reduction to be about 0.1Å. 
IV. CONCLUSIONS
We studied the effect of excess atoms and oxygen vacancies on the electronic structure of SrTiO 3 +FeSe system with the help of first principles calculations. We find that the vdW interactions play an important role in stabilizing the system. The excess atoms prefer the X 1 site above the lower Se atoms that allows them to bond strongly to the surface. The excess Fe atoms are magnetic while the Se atoms bond strongly with the layer Fe. The oxygen vacancies induce a 2DEG on the SrTiO 3 surface which is partially transfered to the monolayer. Thus, we identify two mechanisms for electron doping of FeSe monolayers on SrTiO3: (1) O deficiency at the SrTiO 3 surface and (2) excess Fe. While excess Fe and Se defects are mutually exclusive, a reducing environment favors both excess Se and oxygen vacancies.
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